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Abstract

The rates of atomic clustering and precipitation hardening are closely related to the diffu-
sivity of solutes and the concentration of vacancies during the natural aging of aluminum
alloys. Measuring the diffusivity of solutes at room temperature, especially in systems with
an equilibrium vacancy concentration, benefits the design of the aging process. However,
this measurement has long been challenging due to the extremely low diffusion rates of so-
lutes in aluminum at room temperature and the presence of supersaturated vacancies. In this
work, we propose a method to quantify the diffusivity of solutes based on the kinetic eval-
uation of the spinodal decomposition process. This evaluation involves conducting atom
probe tomography experiments, analyzing the radial distribution function, and modeling
the phase separation process using the Cahn-Hilliard theory. The aging experiments were
conducted on nanoscale samples, where excess vacancies can be eliminated at free surfaces
due to a high surface-to-volume ratio. The results yielded a diffusivity of Zn in the Al-12.5
at.% Zn alloy of (1.32 + 0.46) x 1072 m?/s at 295 K. This work introduces a novel approach
to assess solute diffusivity under conditions of equilibrium vacancy concentration at room
temperature and expands the temperature range for measuring diffusivity in systems with
spinodal decomposition, particularly in cases where kinetic data at low temperatures are
scarce.
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1. Introduction

Aluminum alloys are an important material group with the highest market growth rates
in the electrified transportation sector. Age hardening aluminum alloys (2xxx, 6xxx, and
7xxx) can show a yield strength enhancement of up to half an order of magnitude compared
to their annealed state after undergoing precipitation during aging [1]. The formation of
precipitates, whether resulting from spinodal decomposition [2]] or nucleation and growth
[3], requires the diffusion of solutes.

The most effective strengthening can usually be achieved when precipitates are produced
in very high dispersion, i.e., with very small sizes for a given precipitate volume fraction.
Therefore, low-temperature heat treatment and aging are particularly important for the age
hardening of aluminum alloys because they limit the diffusion length, resulting in smaller
particles. For commercial 7xxx Al-Zn-based alloys, the diffusivity of Zn is important to de-
termine the nucleation and growth rates of clusters [4], Guinier-Preston (GP) zones [5| 6]
and precipitates [7,8,9]. Furthermore, the diffusivity of Zn is highly influenced by remain-
ing excess vacancies from quenching or deformation [10} 11, [12]]. Thus, the age hardening
efficiency and the resulting mechanical and functional properties are sensitive to vacancy
concentration.

The diffusivity of Zn in Al was investigated using conventional methods, including the diffu-
sion couple method (DCM) [13|[14], across different temperature ranges (Table[1). However,
the diffusivity of Zn in Al in a system with an equilibrium vacancy concentration at mod-
erate temperatures below 383 K (the lowest temperature in Table [1) [| remains elusive since
the diffusion length of Zn atoms reduces to only a few nanometers over a typical measure-
ment period (months), which is difficult to measure. Such diffusivity data are important for
common service scenarios of commercial 7xxx aluminum alloys, including aging processes
(15,16, [17,[18]], deformation behavior [19], and corrosion [20]. Additionally, understanding
the diffusivity of Zn in Al alloys with an equilibrium vacancy concentration is a crucial ref-
erence for studying the oversaturation of vacancies. Due to the lack of experimental data,
diffusivity at 295 K is usually calculated by extrapolating the high-temperature diffusivity
data using the Arrhenius equation [21] 22]. However, the difference between the highest
and lowest predicted Zn diffusivity data at 295 K shown in Table [2|is about three orders of
magnitude, which implies that the diffusivity data at 295 K should be further validated by
experiments.

The quantification of the kinetics of spinodal decomposition, as proposed in [10, 11} 23} 24],
provides an alternative method for studying the diffusivity of solutes. Spinodal decompo-
sition is characterized by the absence of a nucleation barrier [10} [23]. A key advantage of

'Rundman [[10] and Rodolfo [11] studied the diffusivity of Zn in Al at 338 K and 228 K, respectively, by
analyzing spinodal decomposition. They discussed their findings with respect to the influence of quenched-in
vacancies, a scenario that results in an excess number of vacancies and leads to faster diffusion.



this method is that it involves local uphill diffusion with only nanoscale diffusion lengths
to produce compositional fluctuation [25]. Furthermore, the use of atom probe tomogra-
phy (APT) [26] has enabled high-resolution three-dimensional composition measurement,
facilitating precise quantitative evaluation of compositional fluctuations [27].

In addition, conducting aging experiments on nanosized APT samples can be a valuable ap-
proach for mitigating the influence of non-equilibrium vacancies [28} 29)]. Nanosized sam-
ples are particularly advantageous in this context due to their rapid loss of non-equilibrium
vacancies, owing to their high surface-to-volume ratio. Henceforth, we will refer to the ag-
ing process conducted on nanoscale samples as the ‘nano aging process’ [28]. This study
employs such a nano aging process to determine the diffusivity of Zn in an Al-12.5 at.% Zn
alloy undergoing spinodal decomposition at 295 K [30]. Analyzing nanoscale compositional
fluctuations during the spinodal decomposition process enables a quicker determination of
diffusivity compared to traditional diffusion length analysis [13] [31].

Table 1: The temperature ranges (K) of the experiments performed to measure the impurity diffusion coefficient
of Zn in face-centered cubic aluminum (fcc-Al).

Fricke Beerwald Hilliard Ceresara Fujikawa  Beke  Nicholls Fontell
(32] [33] [31] [34] [35] [36]] (37] [38]
573-773 688-828 678-927 676-832 438-918 614-890 383-433 443, 473

Table 2: Predicted impurity diffusion coefficients of Zn in fcc-Al at 295 K calculated using the Arrhenius
equation, employing diffusion activation energy obtained from different sources (m?/s).

Fricke  Beerwald Hilliard Ceresara Fujikawa Beke Nicholls Cui
[32] (33] [31] (34] [35] [36] [37] (39]

6.5x107%  3.0x1072* 1.4x107%7 2.6x107% 2.2x10720 35%x107%° 3.4x1072° 1.2x107%*

2. Experimental methods

2.1. Materials and heat treatments

The Al-12.5 at.%Zn alloy (Table [3) was first synthesized in a vacuum induction furnace and
cast as rectangular ingots (the segregated edges of the slab were cut off). The cast ingots
were hot-rolled at 673 K and homogenized at 673 K. The samples were solutionized at 793 K
for 2 hours and quenched to 295 K before sample grinding, polishing, and plasma-focused
ion beam (PFIB) milling. Following PFIB milling, the samples were processed into nanosized
needle specimens. After being sharpened, these needle specimens were placed in a vacuum
for over one day to eliminate excess vacancies inherited from quenching or potentially from
PFIB milling.



Table 3: Final bulk composition analysis of the target alloy by energy dispersive spectrometry (at.%).

Al /n Fe Si Cu
Balance 12.5+0.6 <0.2 <0.1 <0.1

2.2. APT experiments

The APT data acquisitions were performed on a Cameca Instrument Inc. Local Electrode
Atom Probe (LEAP) 5000XS. Samples were run in a voltage mode with a pulse fraction of
15%, a frequency of 200 kHz, and a detection rate of 0.5% at a temperature of 50 K. Recon-
struction and analysis were performed using the commercial programme IVAS in AP Suite
6.1. The reconstruction parameters - field factor K, and image compression factor - were
calibrated according to the observed angles between the selected poles and the crystalline
interplanar distance of these selected poles [40] (see Supplementary Note 1).

2.3. Nano aging experiments

The dimensions of an APT specimen are usually between 20 nm and 150 nm (Fig. [th),
thus excess vacancies can easily diffuse to the free surface of the specimen and be elim-
inated/annihilated [28]]. Therefore, the vacancy concentration in nanoscale APT needle
specimens usually decreases to the equilibrium concentration after a few seconds or min-
utes [28[29]. As mentioned earlier, the aging processes of nanosized specimens are referred
to as nano aging in this work.

The initial state of nano aging is notably affected by quenched-in vacancies before under-
going the process of sharpening to a nano size. Consequently, variations in bulk aging
time, even for minutes following quenching, result in different initial sample conditions
[41], making it challenging to obtain samples with the same initial state. The impact of
these quenched-in vacancies will be elucidated in a separate study. To obtain more nano
aging results for diffusivity analysis, the experiments were repeated four times (labeled as
#1-#4 in Table [4), and the sample state determined by the first APT data acquisition in each
of the experiments is defined as the initial state for each of the experiments. After nano
aging at 295 (+1) K for a specified time (see Table [4), the specimens were subjected to APT
experiments again to obtain the atomic distribution after nano aging, as shown in Fig. [1|a-c.

Table 4: Aging time for four nano aging experiments (aged at 295 K).

Experiment number #1  #2  #3 #4
Nano aging time (hour) 600 840 1098 1098




00
c b
oAl oAl
@Zn @Zn
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Figure 1: Illustration of the nano aging experiments: a. Scanning electron microscopy image of the APT
needle specimen from Experiment #4 (see Table [4) before undergoing nano aging. b. Atomic distribution of
the initial state of Experiment #4 (see Table[d). c. Atomic distribution after nano aging for 1098 hours at 295
K of Experiment #4 (see Table [4).



2.4. Small-angle X-ray scattering experiments

Small-angle X-ray scattering (SAXS) experiments were performed on a custom-built SAXS
bench at SIMaP (France). The source is a rotating Cu anode producing 8.04 keV photons. The
detector used was a Dectris Pilatus 2 located about 50 cm from the sample and kept under
vacuum to minimize background. Data were background corrected and normalized based
on incident intensity, sample transmission, and sample thickness using a calibrated PIN
diode mounted in the beam stop and a glassy carbon sample used as a secondary calibration
sample. Mechanical grinding was used to achieve a thickness of 70 to 100 um. The sample
for the SAXS was solutionized for 1 hour at 793 K, then quenched in water and immediately
placed in the SAXS and recording started. The first measurement was taken 4 minutes after
quenching.

3. Analysis methods

3.1. Radial distribution function analysis

The radial distribution function (RDF) calculates the probability function for finding target
atoms at a radius of r to an origin center atom (see [42] [43] [44]]). The bulk concentration
normalized RDF can be expressed as:

ce(r) _ Ne(n)/N(r)
Co B Co ’

RDF(r) = (1)
where cg(r) is the local atomic composition of targeted element E at the radius of r, ¢ the
average bulk composition of element E in the analyzed volume, Ng(r) the total number of
element E atoms from the radius of r to r + dr, and N(r) the total number of all atoms in the
shell region from the radius of r to r + dr. For the RDF results presented in this work, the
step size dr is 0.2 nm.

The RDF value at radius 0 (RDF0) represents the theoretical possibility of finding the atoms
of element E at the origin center location. If the origin and target elements are the same
(e.g., in this case, both are Zn), the bulk concentration normalized RDF0 follows the relation

[27]): )
RDFO0 = + f (M) v, )
% Co

3.2. Methods for mobility measurement

3.2.1. Cahn’s method [23]

The analyses of the kinetics of spinodal decomposition are based on the Cahn-Hilliard (CH)
equation [23],
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where c is the composition and M is the mobility. f,em and f; are the chemical free energy
and elastic energy per unit volume, respectively. The gradient energy coefficient is denoted
by «.

Replacing ¢ in Eq. by a sinusoidal fluctuation of ¢ — ¢y = A (B, 1) cos Bx where (3 is the
angular wavenumber (use the wavenumber corresponding to the maximum growth rate
[23]), and ¢y is the initial composition, one can obtain,

0A P ferem 07
L —-M
ot ( a2 " b2

) B*A — 2MkB*A. (4)

For a situation of infinitesimal fluctuation, the above equation has a solution:

AB,1) = A(B,0)exp(R(B)), (5)
where
rp) = - (T2 O g, ©
Thus, the mobility can be evaluated by,
_ A(B’ t) azfchem azfe
M_ln(A(B,O))/[ -5 ( + 502 + 26 K)At] (7)

Eq. (7) is used only for the early stages of spinodal decomposition with infinitesimal fluc-
tuations (due to the approximation of infinitesimal sinusoidal fluctuations to obtain an ana-
lytic solution [23]). However, after quenching, the spinodal decomposition can evolve very
rapidly due to the excess vacancies from quenching [41]], so that the initial state already
deviates from the infinitesimal fluctuation situation. The time integration of the numerical
solution in the following subsection of the Cahn-Hilliard equation (Eq. (3)) gives a more
accurate simulation of the composition field than using Eq. (5). In this way, the method can
be better adapted to the use for extended time scales for performing nano aging and APT
analysis.

3.2.2. The numerical solution of the Cahn-Hilliard equation

For a homogeneous solution, the system incorporates fluctuation components with contin-
uous wavelengths, which can be expressed by [23],

c(r,t) =co + fA(ﬂ, 0) exp(iB - r)dp. (8)
B
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Eq. can be expressed as a Fourier series by performing a Fourier transform [45]. For
calculating the evolution of compositional fluctuations, the Cahn-Hilliard equation (Eq. (3))
was performed as follows:

och _ ), [ {Afchm} . {AJ%} . Zkzk{c}k], ©)
k k

ot Ac Ac

where {.}, is the Fourier transform of the quantity inside the bracket and k is the vector in
Fourier space. By treating linear and fourth-order operators implicitly and the nonlinear
terms explicitly, the equation can be solved in a semi-implicit form [46]]:

{eyrt = {chr o [Afenem " 2 [0S 4,4
k- % TS KPS = 2k ke 10
dtSim { Ac }k {AC }k K{C}k ’ ( )

where dtsi, = Mdt.

The RDFO is calculated from the composition fields in the datasets obtained from experi-
ments and simulations that are based on Eq. (10), using Eq. (1) and Eq. (2), respectively.
During the nano aging experiments, after an aging time Atg,,, the RDFO of the target solute
element changes from RDF0(r = 0) to RDFO(z = Atg,,). Then, the time steps in simula-
tion (Afgim) required for the system to evolve from RDF0O(z = 0) to RDFO(f = Atgy,,) can be
determined accordingly.

Thus, M can be calculated using the following relation:

_ Atsim

= ) 11
™ (11)
3.2.3. Chemical and elastic energy
The CALPHAD-based chemical free energy in this work is given by,
M M
Qfihem = ) &G+ RT D" (e 0C)) + Gl (12)

i=1 i=1

where Q is the molar volume, ¢; the composition of the component i, and G? the molar Gibbs
free energy for the pure elements in a specified lattice structure. 7 denotes the absolute
temperature, and R is the ideal gas constant. G}, expresses the non-ideal interactions
between elements in the phase, and is modeled by the Redlich-Kister polynomial [47, 48]].

According to the work [23], the local elastic strain energy per unit volume is :

fo= L el (13)

1-v



where 7 is the linear expansion per unit composition change (for Zn, nz, = 0.0257 [23]). E
is the Young’s modulus (70 GPa in this case) for the average composition, and v is Poisson’s
ratio.

3.2.4. Interfacial gradient coefficient

Based on the statistical mechanical derivation, Cahn and Hilliard [[49] derived,

K= ww2/2, (14)

where w is an interaction energy and ¥ is an interaction distance. For a regular solution,

w = 4h), (15)

in which As is the integral heat of mixing per unit volume at ¢ = 0.5. Based on Eq. (14),
was suggested between 1.8 ~ 8.5 x 107 erg cm™! for Al-Zn system [10].

For a more precise determination of «, small-angle X-ray scattering experiments (SAXS)
[10, [25]] were performed as described in Section Fig. [2[ shows the SAXS results during
the natural aging process of the Al-12.5 at.% Zn alloy, which was quenched from 793 K and
subsequently aged at 295 K. The fluctuation components at a wave vector below a critical
wave vector g, decay during the subsequent aging [23]]. The intersection of the SAXS curves
in Fig. [2| represents the boundary between the decay and growth regions, suggesting that
the value of g. is 1.15 nm™!. Subsequently, the value of the gradient energy coefficient x was
determined using the critical wave vector g. and Eq. (16),

_ azf;?hem az.ﬁl 2
o= (B ) 20 (16)

4. Experimental results

4.1. APT results

Fig. |3/ shows the atomic distribution in the dataset obtained from experiment #2 in Table
before nano aging (initial state) and after nano aging at 295 K for 35 days. In comparison,
the distribution of Zn atoms changed after nano aging, as shown in Figs. [3p and b. The size
of Zn-enriched regions, which are clearly visible in the aggregation of blue dots roughly
shaped like a sphere, is larger (~ 4 nm) than in the initial state (~ 3 nm). This is illustrated
in Figs. |3c and d by the superposition of a series of 18 at.%Zn isosurfaces (the 18 at.%Zn
isosurfaces enclose the positive compositional fluctuation above 18 at.%Zn) that delineate
larger Zn-enriched regions after nano aging.
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Figure 2: The results of small-angle X-ray scattering (SAXS) during the natural aging process of the Al-12.5
at.% Zn alloy, which was quenched from 793 K and subsequently aged at 295 K.
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4.2. RDF results

Fig. [l presents the Zn-Zn RDF results before and after performing nano aging of experiment
#2 in Table 4] As mentioned in Section [3] the amplitude of compositional fluctuations can
be quantified by RDFO0. Fig. |4/ shows an increase in RDF0 value from 1.68+0.05 to 1.94+0.11
after nano aging for 35 days. Similar results were obtained after nano aging of all samples
at 295 K, and the respective increases are shown in Fig. [5|and Table [5(for comparison. The
RDFO0 increase over time are very close for experiments #2-#4 (3.13 ~ 3.89 x 10~ hour™).
For experiment #1 with a lower initial RDF0, the RDFO rise rate is slightly lower than in the
other experiments (1.92 x 10~* hour™').

Initial state (Exp. #2 in Table 4) After nano aging for 840 hours at 295 K

Zn
18 at.¥

Figure 3: a. The initial atomic distribution in the dataset obtained from experiment #2 (see Table Eb b. The
atomic distribution after nano aging for 840 hours at 295 K. c. Isosurfaces of 18 at.% Zn (5.5 at.% higher than
the bulk Zn composition) from a. d. Isosurfaces of 18 at.% Zn from b.

Fig. |§| presents the simulation results of the composition fields ¢5™ for the Al-12.5 at.%
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Figure 4: The Zn-Zn radial distribution function (RDF) results before and after nano aging of Experiment #2
(see Table [4). The RDF at radius 0 (RDFO0) is obtained from the linear extension of the RDF at a radius of 0.2
nm to 0 nm.

2.8

— Exp. #1in Table 4
264 — Exp.#2in Table 4
— Exp. #3 in Table 4
—— Exp. #4 in Table 4

2.4 1

2.2

1.8 4

1.6 - /

1.4 1

Zn-Zn RDFO (Bulk. Norm. Conc.)
N

0 500 1000

Nano aging time (hours)
Figure 5: The experimental values of the Zn-Zn radial distribution function at radius 0 (RDF0) before and after

nano aging from four nano aging experiments at 295 K (Experiment number #1-#4, see Table [4). The RDFO is
obtained from the linear extension of the RDF at a radius of 0.2 nm to 0 nm.
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Table 5: The increase of RDF0 (hour™') during the four nano aging experiments in Table Ei

Exp. #1 Exp. #2 Exp. #3 Exp. #4
1.92x 10* 3.13x10™* 3.18x10™* 3.89x 10~

Zn alloy, obtained by solving Eq. (10). These simulated composition fields ¢5™ were then
utilized to compute the RDF0 through Eq. (2).

a C,, at. b Cz, at.
0.14 0.14
[ 0.135 [ 0.135
- 013 - 013
[ 0.125 [ 0.125
0.12 0.12
15 nm 15 nm
Cz, at. Cz, at.
0.8 0.8
' 0.6 I 0.6
0.4 0.4
Io_z [0-2
0.02 0.02
15 nm 15 nm

Figure 6: Zn composition field simulation during the spinodal decomposition of the Al-12.5 at.% Zn alloy. a.
tsim = 3.75 X 1072 mS/J. b. tsim = 5.63 X 10722 mS/J. C. tsim = 1.01 X 10721 m5/J. d. tsim = 1.07 X 10721 mS/J.

The simulated RDFO results are shown in Fig. |7| After a total simulation time of Afg;y,, the
RDFO transitions from its initial state to the RDF0 after nano aging. Subsequently, Atg;,, for
each nano aging experiment was determined by using Fig.

4.3. Diffusivity results

Using RDF0 data from four nano aging experiments (Fig. [5) and the corresponding Afg;y,
(Fig. |7) and Atg,p, the Zn mobility at 295 K in the Al-12.5 at.% Zn alloy can be estimated

13



— Simulated RDFO evolution
RDFO from nano aging experiments in Table 4:

)
S 3.5 ¥ Exp. #1-initial
O % Exp. #1-after nano aging 600 hours
& 5 Exp. #2-initial
— 3 - .
(@) _ZE Exp. #2-after nano aging 840 hours
E O Exp. #3-initial
= 25 Exp. #3-after nano aging 1098 hours
M "7 | @ Exp. #4-initial y
LC|_> i Exp. #4-after nano aging 1098 hours
Q 27
m y
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N 1.5+
N
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1 1 I
6 7 8 9 10 11 12 13
. -22 5
tsim x10“° m/J
Figure 7: The simulated Zn-Zn radial distribution function at radius 0 (RDF0) from the simulation of the
spinodal decomposition of the Al-12.5 at.%Zn alloy at 295 K and the RDF0 data points obtained from the nano

aging experiments of the Al-12.5 at.%Zn alloy at 295 K. The experimental RDFO0 is obtained from the linear
extension of the RDF at a radius of 0.2 nm to 0 nm.
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using Eq. as mentioned in Section The interdiffusion coefficient is related to the
mobility through

Y (azfchem 62](;3) ) (17)

D=M +
oc? oc?

The results of the interdiffusion coeflicient of Zn in the Al-12.5 at.%Zn alloy are shown in
Table[6] Four nano aging experiments give an average interdiffusion coefficient of (-2.78 +
0.97) X 107 m? s71.

Table 6: Interdiffusion coefficients of Zn in the Al-12.5 at.% Zn alloy at 295 K (x10726 + 1072® m?/s) from four
nano aging experiments in Table

Exp. #1 Exp. #2 Exp. #3 Exp. #4
-232+0.66 -291+1.19 -2.69+1.03 -3.05+0.92

The mobility M can be calculated from tracer coefficients [50] as follows:

Mz,/Q = [cza(1 = ¢20)/RT | [czuD}y + (1 = €20)D7,] (18)

where D}, and D, are tracer diffusion coefficients of Al and Zn in fec-Al

The tracer diffusion coeflicient is described by the Arrhenius equation [21} 22]:

D* = D; exp(%), (19)

where Dy is denoted as the pre-exponential factor and Q is the diffusion activation energy.

The Darken equation [51]] that incorporates the thermodynamic factor, @ = 1+ giﬂy where y
nc

is the activity coeflicient, is used to correlate the interdiffusion coefficient to tracer diffusion
coefficients, given as:

D = [(1 = cz0)D}, + czaDyy ] ©. (20)

In this work, D}, ~ 5/ @ was used to obtain the tracer diffusion coefficient of Zn in Al as
czn < 0.2, which equals the impurity diffusion coefficient [52] that represents the diffusivity
of Zn in an extremely small Zn composition Al-Zn alloy.

The estimated Zn impurity diffusion coefficients in Al-Zn solid solutions at 295 K are given

in Table[7l

Fig. (8| shows a comparison of Zn impurity diffusion coefficient data with Arrhenius law
predictions. The four nano aging experiments on the Al-12.5 at.%Zn alloy yield an average
impurity diffusivity of Zn in the Al-Zn solid solution of 1.32 x 107> m? s™' with an error
of +0.46 x 107> m? s~!, which is close to the majority of values predicted by the Arrhenius
equation (Hilliard [31]], Ceresara [34], Beke [36]], Fujikawa [35]], Nicholls [37]).

15



Table 7: The results of the impurity diffusion coefficient of Zn in the Al-Zn solid solution at 295 K (x107>° +
1072 m?/s).

Exp. #1 Exp. #2 Exp. #3 Exp. #4
1.10+£ 031 1.38+0.57 1.28+0.49 1.45+044

5. Discussion

5.1. Error estimation

The statistical errors in Table[7|were determined by quantifying the deviation of the diffusiv-
ity calculated using RDF0 from the experimental measurements, as depicted in Fig. |5, The
error in RDFO is typically attributed to random compositional fluctuations [24], sampling
location variations, and other common artefacts in composition measurements encountered
in APT. [44].

It can be observed in Fig. [5|that the measurement error of RDF0 increases with higher RDF0
values. This occurs because, as the second phase grows, the number of second-phase parti-
cles within the selected region with the same volume used for calculating RDFO0, decreases
accordingly. To mitigate this, it is advisable to select more regions and compute their aver-
age RDFO0 values to enhance the reliability of RDF0 measurements and to use APT specimens
with larger top radii.

5.2. The effect of thermodynamic assessment

It should be pointed out that, according to Egs. (7) and (9), the precision of the calculated
mobility relies on the accuracy of the driving force for spinodal decomposition, which en-
compasses aspects of both thermodynamics and elasticity.

The thermodynamic driving force 4? fipem/dc? (as shown in Table was estimated using Eq.
and parameters from Ref. [47], which extensively assesses the current experimental
data for the Al-Zn system.

For the purpose of comparison, this value was also estimated using Eq. (21), as provided
in Ref. [23]], for the approximate evaluation of 6 f,em/dc?, when undercooling occurs be-
low the critical temperature for coherent spinodal decomposition, taking into account the
influence of elastic stress on coherent phase boundaries,

02f¢hem + 2772E

St T = 4RI - T0)/Q, (21)

where T. is the critical temperature for spinodal decomposition. Using the critical temper-
ature of 454 K for the spinodal decomposition of Al-12.5 at.%Zn obtained in Ref. [30], one
can obtain a 8 fipem/0c? value of —5.29 x 10° erg cm > (shown in Table using Eq. (21).

16



10710
| Exp. Data
{ AVaradarajan
- Hilliard
~ -15] I Nicholls =
NE 10 1 +Fontell >
= | CIFujikawa =
N
< 20 7
C - -
A 10 ali Arrhenius
S _ —— Fricke
= —— Beerwald
S 1025 _ cH;illiard
L eresara
275 300 325 Fujikawa
_ nge
10_30- . . . . i Nlchollls
300 400 500 600 700 800 900
Temperature (K)
b i
- Exp. Data
% *Varadarajan
Hilliard
v -151 * Nicholls
NE Ag * For_1te||
= * Fujikawa
N * This work
< -201 Arrhenius
a — Fricke
=1 — Beerwald
S Hilliard
S 257 Ceresara
- — Fujikawa
— Beke
— Nicholls
'30 T T T
1 1.5 2.5 3 3.5 4
1/Temperature (1/K) %1078

Figure 8: Impurity diffusion coefficients of Zn in Al-Zn solid solution. Refs.: Fontell [38], Nicholls [37], Fu-
jikawa [35]], Hilliard [31]], Varadarajan [53] Ceresara [34], Beerwald [33]], Fricke [32]], Beke [36]. a. In normal
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In addition, Rundman and Hilliard [10] provide an estimation equation for 8 fipem/dc? at
T = T,, which does not rely on the critical temperature but rather utilizes an extrapolation
of experimentally determined free energies in Al-Zn solid solutions above the miscibility

gap (T =T,):

82fchem (TZ) RT2 E] 0 E] 82SE
92 _QC(I—C)_Z ?Tl— % ?T—(Tz—Tl)W, (22)
where
2= M _RTIn(1 —0)/Q, (23)
Al Al

where s* represents the excess integral entropy of mixing per unit volume, and f| stands
for the partial free energy of mixing per unit volume. Using the parameters at 7; = 673 K
from Ref. [55]], the calculation yields 8 fipem/0c* as —9.04 x 10° erg cm ™.

According to Eq. (7), the calculated mobility is approximately inversely proportional to the
thermodynamic driving force. Notably, for the values presented in Table |8| variations in
the thermodynamic driving force could introduce an error of approximately up to half the
magnitude of the measured mobility. Consequently, a precise thermodynamic assessment
becomes crucial for enhancing the accuracy of the results.

Table 8: Estimated values of 3 fipem/dc? (erg cm™) (c=12.5 at.%) of Al-12.5 at.%Zn at 295 K.

Calculated from Calculated from Calculated from

Parameter gy @) [E7  Eq @) [23]  Eq. @ [10]
O furem/0*  —6.04 % 10° ~5.29 % 10° ~9.04 x 10°

Other sources of uncertainty in this method include factors such as FIB damage, which
can disrupt the initial microstructure and induce defects like dislocations [44], as well as
surface diffusion, which leads to a higher diffusion rate near the surface. When applying
this method to spinodal decomposition systems, it’s essential to exercise caution regarding
the limitation on compositional fluctuation wavelength during spinodal decomposition. The
suggested critical wavelength should always be significantly smaller than the top radius of
the APT specimen.

Despite these factors, this method is applicable for diffusivity measurements ranging from
room temperature to artificial aging temperatures, providing valuable insights for designing
high-strength aluminum alloys. For instance, the diffusivity value indicates whether the
clustering process at room temperature occurs rapidly or slowly under equilibrium vacancy
concentrations. This approach can also be used to determine the diffusivity of solutes in
other systems that exhibit spinodal decomposition, such as Al-Mg [56| 57], Al-Ag [58]], Al-
Li [59] and Al-Cu [60].
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6. Conclusions

In conclusion, the interdiffusion coefficient of Zn in fcc-Al was determined by analyzing the
spinodal decomposition during the nano aging of an Al-12.5 at.%Zn alloy via atom probe
tomography and the Cahn-Hilliard theory. At 295 K, the measured interdiffusion coeffi-
cient of Zn in the Al-12.5 at.%Zn alloy is (—2.78 + 0.97) x 1072° m? s~! and the impurity
diffusion coefficient of Zn in the Al-Zn solid solution is (1.32 + 0.46) x 1072°> m? s~! at 295
K. The method used in this study allows the evaluation of diffusion coefficients within an
applicable measurement time at room temperature, compared to traditional methods that
measure diffusion length. The nano aging process, which eliminates non-equilibrium vacan-
cies, makes this approach more adaptable to cases where the influence of excess vacancies
must be excluded.
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